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E-mail address: peter.vargovic@gmail.com (P. VargCatecholamines are an important regulator of lipolysis in adipose tissue. Here we show that rat adi-
pocytes, isolated from mesenteric adipose tissue, express genes of catecholamine biosynthetic
enzymes and produce catecholamines de novo. Administration of tyrosine hydroxylase inhibitor,
alpha-methyl-p-tyrosine, in vitro signiﬁcantly reduced concentration of catecholamines in isolated
adipocytes. We hypothesize that the sympathetic innervation of adipose tissues is not the only
source of catecholamines, since adipocytes also have the capacity to produce both norepinephrine
and epinephrine.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction catecholamine biosynthesis. PNMT mRNA and immunoreactiveAdipose tissue is a specialized organ serving several functions
(energy [fat] storage, mechanical and heat insulation, endocrine
and secretory functions, thermogenesis) with important medical
implications [1]. Obesity, an increase of adipose tissue mass, is in
close relationship to metabolic and cardiovascular diseases. The
sympathoadrenal system plays an important role in the regulation
of this process as well as in the ﬁne tuning of adipocyte metabo-
lism. Catecholamines are considered the major regulators of
lipolysis [2] and affect differentiation and proliferation of adipo-
cytes [3,4]. There are four enzymes essential for biosynthesis of
catecholamines: tyrosine hydroxylase (TH), L-aromatic amino acid
decarboxylase, dopamine-b-hydroxylase (DBH), and phenyletha-
nolamine N-methyltransferase (PNMT). Catecholamines are
synthesized primarily in the chromafﬁn cells of the adrenal medul-
la and in neuronal cells, but also in the activated immune cells
(T- and B-cells, macrophages) [5]. PNMT mRNA has been detected
also in embryonic [6] and adult hearts of rat [7]. More detailed
characterization led to the identiﬁcation of intrinsic cardiac adren-
ergic cells that express PNMT in rodent and human hearts [8]. We
have also observed that isolated adult rat cardiomyocytes express
PNMT mRNA [9]. There are few indications that adipose tissue may
also contain speciﬁc cells that could express enzymes essential forchemical Societies. Published by E
ovic).protein were found in the adipose tissue in neuron-like cells of
PNMT-overexpressing transgenic mice but not in wild types [10].
The primary objective of this study was to investigate whether
adipocytes express genetic machinery to produce enzymes which
might enable de novo production of catecholamines within the
adipocyte.
2. Materials and methods
2.1. Animals
Male Sprague–Dawley rats, 4 months old (300–350 g, Charles
River, Suzfeld, Germany) were used in our experiments. The Ethics
Committee of the Institute of Experimental Endocrinology (Slovak
Academy of Sciences, Bratislava, Slovakia) approved all experimen-
tal procedures with animals used in this study in protocol No.
RO-2804/07-221/3.
2.2. Separation of adipose tissue cells
Mesenteric adipose tissue (200–300 mg) was separated to
adipocytes and stromal–vascular fraction (SVF) as described previ-
ously [11]. Adipocyte fraction was washed four times by 1.5 ml
Medium 199 (Gibco, Invitrogen, USA) containing 0.5% BSA and
3 mM CaCl2 (medium + BSA + CaCl2) and ﬁltered through 210 lm
nylon mesh ﬁlter (Small Parts, USA).lsevier B.V. All rights reserved.
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All measurements were performed using 2-CAT or 3-CAT
Research RIA kits (Labor Diagnostica Nord, Nordhorn, Germany)
according to the manufacturer’s protocol. Values were normalized
to protein in homogenate determined by BCA Protein Assay (Ther-
mo Scientiﬁc, Rockford, IL) modiﬁed for samples with high content
of lipids according to Morton and Evans [12].
2.4. In vitro inhibition of catecholamine biosynthesis
Adipocytes freshly isolated from 100 mg mesenteric adipose
tissue were suspended in 1 ml of medium + BSA + CaCl2 and incu-
bated at 37 C in water bath with constant gentle agitation for
2 h. To inhibit biosynthesis of catecholamines, 0.6 mM alpha-
methyl-p-tyrosine (AMPT, Research Biochemicals, Natic, MD), the
tyrosine hydroxylase inhibitor, was added. Thereafter, adipocytes
were centrifuged at 1000g for 1 min and washed twice with
medium + BSA + CaCl2.
2.5. Total RNA isolation
Total RNA was isolated by TRI Reagent (MRC Ltd., USA) accord-
ing to the manufacturer’s protocol. The purity and concentration of
isolated RNA was measured on GeneQuant Pro spectrophotometer
(Amersham Biosciences, Buckinghampshire, UK). Reverse tran-
scription was performed in 34 ll of reaction mixture containing
1.5 lg of total RNA, random oligonucleotide pd(N)6 primer and
Ready-To-Go You-Prime First-Strand Beads (GE Healthcare-Life
Sciences, USA) according to the manufacturer’s protocol.
2.6. Absolute quantiﬁcation of mRNA levels by TaqMan real time RT-
PCR
Absolute mRNA levels of TH, DBH and PNMT were evaluated by
quantitative real time PCR on thermocycler Rotor-Gene 2000MW
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Fig. 1. (a) Catecholamine concentration (± S.E.M.) in the mesenteric (MWAT), inguinal su
brown (BAT) adipose tissue of rat (n = 8). (b) Absolute quantitation of TH, DBH and PNMT
in the adrenal medulla (AM, n = 4).(Corbett Research, Mortlake, Australia) as described previously
[13]. For speciﬁc PCR ampliﬁcation TaqMan probes (Applied Bio-
systems) were used: Rn00562500_m1 (TH), Rn00565819_m1
(DBH), Rn01495588_m1 (PNMT). Standards for absolute quantiﬁ-
cation of TH, DBH, PNMT were prepared by PCR ampliﬁcation
(using Taqman probes), puriﬁcation by gel extraction and subse-
quent dilution to concentrations 15–15.106 copies/ll using ddH2O
containing 50 ng/ll of sonicated salmon sperm DNA (Sigma–
Aldrich) used as a DNA carrier. Copy numbers of samples were
evaluated using Rotor-Gene Analysis software version 5.0.
2.7. Western blot analysis
Samples of adipocytes isolated from mesenteric adipose tissue
were sonicated in 0.6 ml of 20 mM Tris pH 7.0, 5 mM PMSF (Pefab-
loc SC + Compete, Roche Diagnostic), stored in ice for 1 h and cen-
trifuged for 15 min (16,100g, 4 C). Western blotting was
performed as described previously [14]. The following primary
antibodies were used: Monoclonal anti-TH (1:3000; MAB5280,
Chemicon International, Temecula, CA) and polyclonal anti-PNMT
(1:200, CA-401 bMTrab, Protos Biotech Corp., NY). Membranes
were incubated with corresponding horseradish peroxidase-linked
secondary antibodies (TH with anti-mouse Ab diluted 1:5000;
PNMT with anti-rabbit Ab diluted 1:5000). The signals were de-
tected using Femto Supersignal reagent (Pierce, Rockford, Illinois)
and visualized by exposure to Amersham Hyperﬁlm (Amersham
Biosciences).
2.8. Immunohistochemistry
Formalin ﬁxed sections of rat mesenteric adipose tissue were
deparafﬁnized and rehydrated by washing twice for 10 min with
xylene, followed by 2  2 min washes in 100%, 95% and 70% (v/v)
ethanol. Sections were rinsed in water, placed into a warmed
citrate buffer (0.01 M, pH 6.0) for 5 min, followed by immersion
in a hot citrate buffer (58 C), heated in microwave oven, cooledWA
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mRNA (± S.E.M.) in rat adipose tissues: MWAT, SWAT, EWAT, RWAT, BAT (n = 8) and
P. Vargovic et al. / FEBS Letters 585 (2011) 2279–2284 2281at room temperature (RT), washed with Tris Buffered Saline (TBS)
for 3  5 min, transferred into methanol solutions containing
0.5% (v/v) H2O2 and washed again in TBS. Pre-blocking procedure
(only TH staining) with a 20 lg/ml solution of donkey anti-mouse
IgG (JacksonImmuno Research, USA) for 1 h at RT was followed by
blocking with 2% (v/v) of normal horse (for TH) or goat (for PNMT)
serum for 1 h at RT. Slides were incubated with mouse anti-TH
(1:250; Immunostar, Hudson, Wisconsin) and rabbit anti-PNMT
(1:500; Millipore, Billerica, Maryland) primary antibodies
overnight at 4 C. Slides were incubated with secondary biotinyla-
ted anti-mouse and anti-rabbit antibodies from ABC kit (both
1:200; Vector Laboratories, Burlingame, California) for 45 min at
RT, washed in TBS, treated by ‘‘ABC’’ component for 30 min at RT,
washed again and treated by DAB (Vector Laboratories). Finally,
the slides were brieﬂy dipped in Mayers Hematoxylin, dehydrated
with ethanol and xylene, and then mounted.
For immunoﬂuorescence staining of PNMT, slides were incu-
bated in donkey anti-rabbit Cy3 (1:500; Jackson Immuno) second-
ary antibodies for 4 h at RT, washed by TBS, mounted in a ProLong
Gold anti-fade reagent containing DAPI (Invitrogen), left overnight
and sealed. Images were obtained using a Zeiss LSM 510 confocal
microscope (Carl Zeiss, Oberkochen, Germany), using excitation
wavelengths of 358, 488, 543 nm, and emission ﬁlters consisting
of 461, BP 505–550 and BP 560–615 nm respectively. Images were
then processed using Zeiss LSM Image Browser software (Carl
Zeiss) without making any modiﬁcations to the subsequent
images.
3. Results
3.1. Catecholamines in adipose tissues
First, we compared norepinephrine and epinephrine concentra-
tions in four white adipose tissue (WAT) depots and in the
interscapular brown fat of adult rats (Fig. 1a). Our data have showna b
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Fig. 2. (a) Adipocytes isolated from mesenteric adipose tissue of rat. (b) Comparison of TH
vascular fraction (n = 6). (c) Western blot detection of TH and PNMT in mesenteric adipoc
are shown above the lanes. Molecular weight ladder (with marked values of relative
(± S.E.M.) in mesenteric adipose tissue (MWAT, n = 8), adipocytes (n = 8) and stromal/vathat all ﬁve studied adipose tissue depots contain both norepi-
nephrine and epinephrine. The highest norepinephrine and
epinephrine concentrations were observed in mesenteric WAT
and in brown fat. Concentration of epinephrine in all adipose
depots was approximately 10–20 times lower than that of
norepinephrine.
3.2. Catecholamine biosynthetic enzymes in adipose tissues
We further proposed that norepinephrine and epinephrine are
being produced endogenously in adipose tissue, additionally to
sympathetic nerves as a main source of catecholamines. We found
that the genes of the catecholamine biosynthetic enzymes (TH,
DBH, and PNMT) are differently expressed in ﬁve studied adipose
depots (Fig. 1b) and quantiﬁed them in a range of 100–3000 mRNA
copies per 100 ng total RNA. Normalization of TH, DBH and PNMT
mRNA to b-actin, resulted in the same relative – tissue speciﬁc –
differences as the absolute mRNA quantiﬁcation (not shown).
Adrenal medulla was used as a positive control and contained
approximately 1000-fold higher levels of TH, DBH and PNMT
mRNA.
3.3. Catecholamine biosynthetic enzymes in adipocytes
To ﬁnd the speciﬁc adipose tissue cells producing endogenous
catecholamines we studied gene expression of the catecholamine
biosynthetic enzymes in adipocytes and stromal/vascular fraction
freshly isolated from the mesenteric adipose tissue. Gene expres-
sion of TH, DBH and PNMT was quantiﬁed in both cell populations
(Fig. 2b).
Western blot analysis also showed TH and PNMT proteins in
adipocytes. (Fig. 2c). Negative control-blots (membranes incubated
with only secondary antibodies) did not show a presence of any
false positive signal (not shown). Stromal/vascular fraction also
contained TH and PNMT proteins (not shown), but the detectedDBH PNMT
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Fig. 3. (a) Immunoﬂuorescent staining of PNMT in microsections of rat mesenteric adipose tissue. The same microsection was stained with DAPI (middle). Both images were
merged (right). Bar: 30 lm (b, c) Immunohistochemical detection of PNMT and TH in microsections of rat mesenteric adipose tissue. Controls represent microsections stained
only with secondary antibodies. Individual MWAT depots were extirpated from three animals. Immunohistochemistry was performed on 4–6 MWAT microsections. Bar:
20 lm.
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Fig. 4. Effect of 3 mM alpha-methyl-p-tyrosine (AMPT) on norepinephrine (NE),
epinephrine (EPI) and dopamine (DA) concentration (± S.E.M.) in adipocytes
isolated from mesenteric adipose tissue (n = 4, triplicates) and incubated in vitro
for 2 h. Values of signiﬁcance (P) were calculated by t-test (⁄⁄⁄P 6 0.001).
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stromal/vascular fraction itself contains nerve endings with abun-
dant TH and PNMT proteins transported from the local ganglion to
sympathetic nerve endings in adipose tissue [15].
We further determined endogenous catecholamines in adipo-
cytes and stromal/vascular fraction. Norepinephrine concentration
was signiﬁcantly lower in adipocytes than that in either whole adi-
pose tissue (ANOVA, P < 0.01) or stromal/vascular fraction
(P < 0.001), while epinephrine concentration in adipocytes tended
to be higher than in whole adipose tissue and comparable with
that found in stromal/vascular fraction (Fig. 2d).
3.4. Immunohistochemical analysis of mesenteric adipose tissue
Immunohistochemistry was used to detect PNMT and TH in
microsections of mesenteric adipose tissue. PNMT and TH immu-
noreactive proteins were found in the perinuclear space as well
as along the cytoplasmatic membrane of mature adipocytes sug-
gesting the presence of PNMT and TH protein in cytoplasmic com-
partment (Fig. 3).
3.5. In vitro inhibition of catecholamine biosynthesis
The ability of isolated adipocytes to synthesize catecholamines
was tested using alpha methyl-p-tyrosine (AMPT) – a competitive
inhibitor of TH activity - which speciﬁcally blocks conversion of
L-tyrosine to L-DOPA [16]. We observed that the administration
of AMPT prevented the synthesis of catecholamines in adipocytes
as it led to the large depletion of dopamine and norepinephrine
in adipocytes (Fig. 4) demonstrating the presence of regular cate-
cholamine-biosynthetic pathway in adipocytes.4. Discussion
This is the ﬁrst demonstration about the endogenous catechol-
amine (CA) biosynthetic pathway found in adipose tissues, espe-
cially in adipocytes. Total CA concentrations in adipose tissues
differ in various types of adipose tissue and represent some sup-
plies of CA in the sympathetic nerve endings. We found that gene
expression of CA biosynthetic apparatus is distributed indepen-
dently on sympathetic system. For example, epididymal adipose
tissue contain very low CA concentration, however gene expres-
sion of TH is highest among other adipose depots. Morphological
and functional differences have been reported for different fat de-
pots in rodents and humans: visceral and subcutaneous adipose
P. Vargovic et al. / FEBS Letters 585 (2011) 2279–2284 2283tissues, for example, differ in various biochemical and functional
properties, such as insulin and adrenergic response [17,18]. Inter-
estingly, these variations might explain why expansion of some
fat depots is linked to the metabolic disorders associated with
obesity, whereas other depots are not [19]. We could hypothesize
that differences in gene expression of CA-synthesizing enzymes in
adipose tissues contribute to the biochemical and physiological
differences between individual fat depots.
Although some neuronal cells or macrophages in stromal/vas-
cular fraction seems as the most probably sources of CA production
in adipose tissue, we showed that adipocytes themselves are also
able to produce CAs. It is important to mention about purity of iso-
lated adipocytes. Matured adipocytes, obtained by collagenase
digestion and presented in ﬂoating fat layer (contrary to other cell
type debris on tube bottom), were ﬁltered through 210 lm mesh.
This procedure should remove all cell clumps containing poten-
tially contaminating, CA producing cells. Separated (individual)
adipocytes were then washed and centrifuged four-times. CA con-
centration as well as the gene expression of the CA producing en-
zymes remained constant after the second wash so additional
puriﬁcation seemed to be redundant. This indicates that adipocyte
puriﬁcation procedure sufﬁciently eliminated other cell types
which could potentially produce a false positive signal of CA or
CA-producing pathway expression. It could not be excluded that
the adipocyte isolation method based on the separation of ﬂoating
‘‘fat loaded cells’’ could lead to enrichment of adipocyte fraction
with ‘‘fat-loaded’’ macrophages in obese individuals [20]. However,
animals used in our studies were lean and metabolically healthy,
thus limiting this possibility.
It is important to consider whether relative low mRNA levels of
CA synthesizing enzymes (100–1000 copies per 100 ng total RNA)
in adipocytes could be of any physiological signiﬁcance. A typical
mammalian cell contains approximately 10–30 pg of total RNA. It
means a presence of only 1–10 mRNA copies per 10–30 cells. This
suggests that only some of the adipocytes express CA biosynthetic
machinery and possibly produce CAs.
Adrenal medulla contains approximately 1000 times higher lev-
els of TH, DBH, PNMT mRNA than the adipose tissues. Adrenal me-
dulla is a small compact organ providing CA supply for entire
organism. The combined size of adipose tissue depots, even in lean
healthy individual, exceeds the size of adrenal medulla by more
than three orders of magnitude. This suggests that total CA produc-
tion in adipose tissue is comparable to CA production in adrenal
medulla. Processes regulating CA production in the adipose tissue
are quite elusive at this moment, but it certainly might be physio-
logically signiﬁcant biological process. Nevertheless, protein levels
of these enzymes, detected by Western blot and immunohisto-
chemistry as well as CAs found in adipocytes, seem to support
the physiological signiﬁcance of CA biosynthesis in adipocytes.
Pizzinat et al. [21] previously showed that extracellular CAs
could enter adipocytes via extracellular monoamine transporter
mediated uptake. However, high activity of CA degradation en-
zymes in adipocytes immediately results in decrease of CA concen-
tration. We observed that CAs remain present in freshly isolated
adipocytes even after several hours of incubation and their deple-
tion appears only after administration of alpha-methyl-p-tyrosine,
a competitive inhibitor of TH activity. We can hypothesize that
endogenous CAs are either differently compartmentalized and/or
protected in some way from degradation.
Based on the present evidence it could be suggested that CAs
synthesized in adipocytes might contribute to the regulation of
cellular processes, which are also regulated by sympathoadrenal
system, such as lipolysis, secretion of interleukins and adipokines
[2,22]. It could be speculated that adipocytes in adaptation to envi-
ronmental demands (nutrition: lipid overload, cold exposure:
increased thermogenic requirements) acquire the ability toproduce CAs for some speciﬁc, yet unidentiﬁed purpose. Moreover,
white adipocytes might originate from different sources – neural
crest or mesoderm [23,24]. We might suggest that the develop-
mental differences between individual adipocytes could explain
why some of them express CA synthesizing enzymes and some
do not.
On the other hand, speciﬁc roles of endogenous CAs were de-
scribed in several types of immune cells [5]. CAs endogenously
produced and secreted from macrophages and other phagocytic
cells are able to activate neighboring cells via adrenergic receptors
in an autocrine/paracrine manner [25,26]. Furthermore, prelimin-
ary evidence suggests that adrenergic receptor-independent intra-
cellular effects of CAs exist [5,27]. Therefore, intracellular CAs
could be transported to the nucleus, interact with nuclear recep-
tors and inﬂuence transcription processes via interaction with nu-
clear factors.
We propose that CAs produced in adipocytes could primarily af-
fect lipid mobilization in adipocytes even in basal condition when
sympathoadrenal system activity is low. Nevertheless, further
investigations using primary adipocyte cultures, which allow
in vitro measurements of CA production effects on adipocyte biol-
ogy, are needed to establish and verify the physiological relevance
of our observations.Acknowledgements
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